Despite being exposed to the harsh sea-spray environment of the North Sea at Arbroath, Scotland, for over 63 years, many of the reinforced concrete precast beam elements of the 1 . 5 km long promenade railing are still in very good condition and show little evidence of reinforcement corrosion. In contrast, railing replacements constructed in about 1968 and in 1993 are almost all badly cracked as a result of extensive corrosion of the longitudinal reinforcement. This is despite the newer concrete appearing to be of better quality than the 1943 concrete. Statistics for maximum crack width for each of the three populations, based on measurements made in 2004 and in 2006, are presented. In situ and laboratory measurements show that the 1943 concrete appears to have high permeability but it also shows high electrical resistivity. Chloride penetration measurements show the 1943 and 1993 concretes to have similar chloride profiles and similar chloride concentrations at the reinforcement bars. This is inconsistent with the 1943 beams showing much less reinforcement corrosion than their later replacements and casts doubt on the conventional practice for durability design focusing on reducing concrete permeability through denser concretes or greater cover.
Introduction
There is widespread acceptance that corrosion of reinforcing bars is related to the aggressive nature of chlorides diffused through the concrete cover (and perhaps by means of pathways involving concrete cracks), with higher chloride concentration levels and faster diffusion causing earlier corrosion initiation. This effect tends to be opposed by the presence of a sufficient concentration of hydroxide ions, although the precise mechanisms involved have thus far remained elusive. 1 One indication of this is that the critical ratio of chloride to hydroxide ions for defining initiation of corrosion has remained poorly understood, with acceptance levels defined largely arbitrarily. 2 Some isolated cases have been reported of no apparent occurrence of corrosion even after long exposure periods 3 even in normally highly aggressive environments. 4 On the other hand, there is also evidence of corrosion initiation even after relatively short periods of exposure. Moreover, laboratory experimental evidence has shown that although corrosion initiation can occur quite early, there may not be continued active corrosion until much later. 5, 6 For marine environments the chlorides present in seawater usually are considered as the cause of reinforcement corrosion. 2 Despite some evidence to the contrary, 4 it is also accepted that durable reinforced concretes for these environments require considerable amounts of concrete cover to the reinforcement and high-density (quality) concretes to slow down the inward diffusion of chlorides from the surrounding environment (and by implication the loss of hydroxides to the external environment). Admixtures have been advocated widely as appropriate to creating less permeable concretes for the same purpose. These features (thick cover, dense concretes) were, however, seldom achieved in older reinforced concretes, many of which would be considered by modern standards to be of inferior strength and quality.
Relatively few older reinforced concrete structures exposed to marine exposure conditions are available for detailed investigation, 4, [7] [8] [9] [10] [11] and even fewer that permit direct comparison to more recent concretes. One such opportunity was found to be available at Arbroath, Scotland. Immediately north of the town centre there is a 1 . 5 km long reinforced concrete promenade railing immediately adjacent to and exposed to open North Sea waters (Fig. 1) . It is known that, particularly during winter storm conditions, seawater washes over the railing and the adjacent concrete pathway.
The railing consists of 244 nominally identical sections each composed of four precast concrete railing beams set in cast-in-situ posts of alternating widths of 300 mm and 600 mm (Fig. 2) . Each individual railing beam is approximately 2 . 04 m long between posts and has a chamfered cross-section nominally 130 mm wide 3 150 mm in height. Fig. 3 shows the typical crosssections and some typical crack patterns.
The promenade railing was initially constructed in 1943. As part of the present investigation it has been estimated that fewer than 1% of the railings were replaced during 1968 and it is known that about 10% were replaced in 1993 (these may have included some 1968 replacements). Owing to local and regional council restructuring, some of the documentation for the original construction work in 1943, the condition of the balustrade in 1968 and the reasons for repair at that time and the construction details are unavailable. It is, however, reasonable to assume that there were problems with reinforcement corrosion of a small proportion of the balustrade already in the mid-1960s and that this also prompted the replacement work in 1993.
Field inspection showed (and subsequent laboratory observations confirmed) that the 1943 beams contain four 6 mm diameter bars ( Fig. 3 ) with a nominal (but highly variable) cover of about 20-25 mm. There are only a few 1968 beams remaining, but these appear from field inspection to have only two bars of nominally 13 mm diameter placed along the vertical central longitudinal axis (Fig. 3) . Drawings available for the 1993 beams show that these are similar to the 1968 beams but that the bars were coated with a commercial zinc-rich primer. Also, the concrete used in the 1993 beams was air-entrained in an effort to counter perceived problems with freeze-thaw behaviour.
It was considered that the repetitive nature of the construction of the promenade railing at Arbroath, its high level of exposure to the aggressive North Sea environment and the fact that there have been two replacement schemes at approximately 25-year intervals presented an opportunity to obtain statistical data on reinforcement corrosion effects. As will be seen, it has also provided an opportunity to obtain some further insight regarding reinforcement corrosion in a marine environment. This is the purpose of the present paper.
Condition survey
The structure was surveyed in detail during the autumn of 2004 and again two years later during the autumn of 2006. Overall condition and crack size, length and depth were measured and concrete blistering and spalling, exposed reinforcement and repairs (patching) were noted. Table 1 presents an abbreviated summary of the observations. Close visual examination of the surface texture of the three types of beams shows remarkable differences. The 1943 beams all show a characteristic rough surface, some signs of external wear and some deterioration of once sharp edges (Fig. 4) . These beams appear to have been constructed using aggregates of widely varying size (Fig. 5) . Close inspection shows the concrete to contain a significant proportion of crushed seashells, identified both by their characteristic shapes and through testing with a very fine application of hydrochloric acid. Once this characteristic was identified it allowed ready identification and differentiation of the 1943 beams from the later beams.
Only some 2% of the 1943 railings in existence in 2006 showed minor (hairline) cracking and minor local spalling. In contrast, most of the replacement reinforced concrete railings are badly cracked longitudinally. There is clear evidence within the cracks of very heavy corrosion of the reinforcement steel (Fig. 6) .
The exterior surfaces of both the 1968 and the 1993 replacement concrete beams are generally of smooth and dense surface texture, indicating an apparently well-graded concrete mix at the surfaces. They also show sharp edges, indicating a good-quality concrete. Rebound hammer tests were carried out at three locations (centre and towards the ends of each beam) on surfaces rubbed smooth using a carborundum stone for randomly selected samples of each beam type. The results (Table 2 ) were found to be consistent with the superficial observation of surface density for the 1943 and 1968 beams. The 1993 beams were, however, found to have lower than expected rebound results. This may be consistent with the use of an air-entraining agent for the 1993 concrete as this lowers concrete density and is known to affect rebound hammer results. 12 Microscopy observations of the 1993 concrete showed a considerable number of voids (Fig. 7) , consistent with the use of an air-entrainment agent and also consistent with a lower concrete density.
Visual observation of the 1943 beams showed some localised blistering and spalling of the concrete cover but no serious cracking such as seen for the later beams. Hairline cracks offset from the centreline were observed (Figs 3 and 8) . These are likely to be the direct result of the corrosion of the 6 mm reinforcing bars relatively close to the exterior surface (Fig. 3) . Only some 5% of the 1943 beams showed localised patch repairs and many exhibited some degree of minor rust staining on the exterior surfaces (Fig. 8 ). Collectively these observations suggest that, while very localised corrosion initiation had occurred for many of the 1943 beams, by 2006 it had not progressed to the stage of inducing spalling of the concrete cover. This is some 63 years after construction.
In contrast, most of the 1968 and 1993 replacement beams showed severe longitudinal cracking with very large crack openings (Fig. 5 ). Only some 25% of these beams remained uncracked in 2006. Moreover, there was very little longitudinal cracking of small sizemuch less than would be expected according to the standard bi-linear damage model that predicts a gradual increase in damage of reinforced concrete with time after reinforcement corrosion initiation. 2 
Crack statistics
Maximum crack size as a function of period of exposure and year of construction is an important criterion for structural performance. Fig. 9 shows a histogram of crack sizes. It is clear that the 1943 beams show a much lower overall crack size distribution and also have a very high proportion of uncracked beams. In contrast, the 1968 and 1993 replacement beams have a very substantial number of cracks of large sizes. Given the wide disparity of the respective corrosion and cracking behaviours and the large sample sizes involved, it is highly unlikely that such differences are owing to randomness as has been suggested may be possible for reinforced concrete structures in general. 13 From the condition survey (Table 1) , which represents a failure rate of less than one per year. To arrive at these estimates, it has been assumed that corrosion rate of reinforcement is constant with time after active corrosion has commenced -that is, as used in the common conventional bi-linear damage model for damage resulting from reinforcement corrosion in concrete structures. The model and its limitations have been reviewed earlier.
1,2
Observations and analysis of a 63-year-old reinforced concrete promenade railing exposed to the North Sea The estimation of overall failure rates is complicated, however, by the likelihood that in the 1968 and 1993 replacement programmes, replacement inevitably involved discarding some beams still in good condition in any promenade section that contained one or more failed beams. This is likely to have occurred simply for ease of reconstruction. Owing to the unavailability of historical records, the extent to which this occurred in 1968 and in 1993 can only be estimated. Figure 10 shows the integrated loss against exposure period relationship that may be developed from the above information. The dotted lines show the assumed, conventionally accepted bi-linear damage model (e.g. Reference 1) of the replacement beams before their Fig. 5. (a, b) Samples of cross-section of the 1943 railing beams exposed by removal of the rest of the railing. The rust staining is that resulting from these surfaces being exposed less than 2 years before these photographs were taken. Note the very large range in aggregate sizes and the poor actual location of reinforcing bars. (c) Typical cross-section of a 1993 railing beam showing some vertical cracking and the location and size of the reinforcing bars. Note the good grading of the concrete aggregate. The rust staining is the result of these surfaces being exposed by cutting at some (unknown) time up to 2 years before these photographs were taken behaviour is added into the overall behaviour pattern. A similar behaviour pattern is assumed for the 1943 beams. Owing to lack of data, the commencement of damage for the 1943 beams is assumed to occur in 1963 -that is, some 20 years after first exposure, consistent with the indicative, conventional expectation for chloride-exposed concrete. 14 In Fig. 10 point A denotes the shift in estimated overall damage following the removal of one or more sections (each consisting of four beams), even though not all beams in that section had failed. Part of the spike at point B denotes the effect that not all beams from 1968 would have failed by 1993 even though it is likely that some of these were replaced. The actual number is not known but it may be estimated from the total number of sections (2) from 1968 remaining in 2006.
As noted, replacement of promenade railing sections in 1993 is likely to have led to replacement of some 1943 beams that had not yet failed. This is indicated by the vertical spikes, representing both genuine replacements for failed 1943 beam elements and the artificial increase caused by replacement of some of the sound 1943 beams for ease of construction. As noted, it is reasonable to assume that at the end of the replacement programme in 1993, no defective beams remained.
The rate of loss represented by a-a in Fig. 10 
Chloride profiles
For each of the three concretes, chloride profiles were obtained by the usual method of drilling and extracting dust samples at 10 mm intervals (commencing at 20 mm) in from the exterior concrete surfaces. The dust samples were tested by X-ray fluorescence (XRF) spectroscopy in the laboratory using standard procedures. 15 The chloride ingress profiles are shown in Fig. 11 . They are generally consistent with those obtained by others for similar exposure conditions. 16 As expected, the chloride content in each case decreases with distance from the exterior concrete surface. The chlorides have penetrated furthest into the concrete body for the 1943 concrete, as expected given the long period of exposure. The chloride level at the reinforcement for the 1993 concrete is, however, also high-much higher than might be expected for the relatively short duration of exposure (13 years). Although this concrete is air-entrained, it does not follow that it is necessarily permeable since air-entrainment usually is considered to produce air-bubbles rather than continuous pores. 17 The chloride content at the bars was in each case determined as a percentage of the total concrete mass rather than as a percentage of the cement content. The latter is not known for any of the concretes. A conservative estimate may be made, however, by assuming that the cement content of a concrete mix might vary between 10 and 20%. This means that the vertical axis needs to be multiplied by 5-10 to obtain the percentage of chlorides relative to cement. Evidently, this shows that the chloride content for each of the beams is much greater than the generally accepted range (0 . 4-0 . 6%) of chloride contents relative to cement to initiate corrosion. In this context it is of considerable interest that while for the 1943 beams the chloride concentration at the reinforcement bars is high; these beams also have shown excellent long-term reinforcement corrosion behaviour.
Concrete resistivity
Concrete resistivity is often used as an indicator of the ease with which reinforcement corrosion can occur, with lower concrete resistivity associated with higher rates of corrosion. Four probe electrical resistivity measurements were made using standard procedures at three equi-spaced locations along samples of the var- ious beams. The results shown in Table 3 are the averages of multiple readings with typical variability less than 10%. Evidently the 1993 beams have lower electrical resistance than both the 1968 and the 1943 beams. This indicates that they would have corroded at a faster rate once active corrosion had commencedthat is, some (usually considerable) time after corrosion initiation. Typically, resistivities greater than 20 kiloohms are assumed to imply very low corrosion rates while 10-20 kilo-ohms is taken as associated with low to moderate corrosion rates.
Discussion
Given the usual assumption of the bi-linear damage model for representing the progression of corrosion damage with time in reinforced concrete structures, it should be expected that both the 1968 and the 1993 beams display a range of crack sizes. As is well known, according to the model, damage is assumed to be a linear function of time after the commencement of active corrosion and reinforcement corrosion. As cracking is the usual form of damage it would be expected that crack size also would increase steadily with increased reinforcement corrosion. This expectation is not borne out by the data, even for the 1993 beamsthat is, the population with the largest number of cracked beams. One possibility is that the bi-linear damage model is not correct. In fact, recently it has been proposed that the corrosion propagation stage of reinforcement corrosion is much more complex than indicated by this model. Table 4 summarises the corrosion loss rate, concrete density and resistivity and chloride profile results. It shows clearly that while the 1943 beams have survived much longer than the later beams, this is not consistent with their apparently lower or similar density and lower or similar permeability compared with the 1993 beams (Table 4) . According to the conventional wisdom the chloride concentrations at the surface of reinforcement should be greater for the 1943 beams given also their much longer exposure period to the chloride environment. Fig. 11 , however, shows only marginal differences in the chloride profiles-differences that easily could be attributed to experimental error. According to the conventional understanding of chloride penetration and corrosion activation, 2 the 1943 beams should have failed much earlier, relatively, to their later replacements. The statistics indicate clearly that this is not the case. This is illustrated also in the loss-time profile (Fig. 10) . The only measure that is consistent with the loss rates of the 1943 and 1993 beams is the concrete resistivity readings. These are, however, obviously inconsistent with the readings for concrete density, which should correlate with concrete resistivity as the exposure conditions for all beams were and remain essentially similar.
It is interesting to note that similar inconsistencies have been reported by others. Thus Lukas 3 reported long service lives for road bridges in Austria despite harsh exposure conditions and heavy use of de-icing salts. Recently Lau et al. 4 reported that most of more than 1000 reinforced concrete cylinder bridge piles exposed in the marine tidal zone in southern Florida show little sign of reinforcement corrosion, despite around 40 years of exposure and only about 23-40 mm concrete cover. They noted that this was a 'striking' difference compared with the performance of some other conventional reinforced concrete marine substructures. Similar to the observations for the more than 60-year-old Arbroath beams, they noted high levels of chlorides at the reinforcing bars after 40 years' exposure, but this resulted only in minor rust staining and little evidence of preferential chloride penetration along cracks.
There have been suggestions that changes to cementmaking practice that occurred in the UK during the 1960s could be a factor in concrete durability and hence perhaps also in the severity of reinforcement corrosion. 18 Similarly, there may have been changes in concrete construction practice, but without records of Observations and analysis of a 63-year-old reinforced concrete promenade railing exposed to the North Sea the specifications and the construction of the 1943 and the 1968 concretes used in the Arbroath balustrade, it is difficult to be sure. What can be said is that for the UK generally the changes in cement making were considered to have negligible influence on durability owing to the very small changes in cement composition. 19 There is also no strong evidence to support a case for significant changes in concrete-making practice over the period of interest other than the airentrainment issue already noted. Clearly there are matters here for exploration and for further research, despite the view in many quarters that the corrosion of reinforcing bars in concrete is well understood and that its control involves mainly the achievement of good-quality concrete and high resistance to chloride diffusion. 11 The observations herein, together with those reported by others, 3, 4 all for long-term field observations, clearly indicate that chloride penetration to the reinforcing bars may not necessarily be indicative of the initiation of active corrosion and, even less likely, of its rate. The conventional view, that to achieve greater durability of reinforcing bars it is necessary to have greater and/or denser concrete cover, is not supported both by the present observations and those for the Florida piers. What influences should be considered and which aspects are important in the initiation and progression of reinforcement corrosion appear, therefore, to be still open questions. They point, clearly, to there being a requirement for much more fundamental research into the precise mechanics and causes of reinforcement corrosion.
Because the reinforced concrete balustrade at Arbroath consists of so many nominally identical and completely independent elements, all exposed to essentially the same harsh marine environment, it is essentially an experimental test rig, which, in other circumstances, would cost a great deal to set up and maintain. The balustrade already has provided a rare opportunity for research into the long-term (60+ years) corrosion behaviour of reinforced concrete under actual exposure conditions. With goodwill and good management the Arbroath balustrade could continue in this role as well as fulfilling its primary function. In could provide extremely useful information since there is very little objective information about the behaviour of reinforced concrete for long periods -that is, much in excess of 60 years. This would require the existing structure to be kept in service for many years into the future, periodically being monitored and examined in detail, and with only failed beam elements being replaced to ensure public safety. Ideally the replacement beams would be made to modern design standards and also subject to monitoring and examination. Evidently, each such replaced beam element essentially represents an independent experimental sample. At present there are no known similar long-term observation sites for marine atmospheric exposure of reinforced concrete anywhere in the world: the Arbroath site presents a unique opportunity.
Conclusions
Despite having been exposed to a harsh sea-spray environment for over 63 years, the great majority of the reinforced concrete promenade railing elements constructed around 1943 show little evidence of reinforcement corrosion. In contrast, the elements constructed more recently (1968, 1993) show very serious reinforcement corrosion and extensive and wide longitudinal cracking of the surrounding concrete.
The higher corrosion resistance of the 1943 concrete is generally consistent with the concrete electrical resistivity measurements. They are not, however, consistent with the concrete density (rebound hammer) measurements. The degree of corrosion of the reinforcing bars was found to be inconsistent with chloride penetration measurements. Chloride penetration for the badly corroded 1968 beams was found to be lower than that for similarly badly corroded 1993 beams. In contrast, the chloride penetration at the reinforcement for the 1993 and for the 1943 beams was similar, despite the very much lower corrosion damage of the 1943 beams.
Overall, these observations are inconsistent with the usual understanding of the role of chloride concentration and corrosion propagation and suggest that more detailed research is required to improve understanding of the role of chloride in the long-term corrosion of reinforcement bars.
